Hypersecretion of cytokines by innate immune cells is thought to initiate multiple organ failure in murine models of sepsis. Whether human cytokine storm also plays a similar role is not clear. Here, we show that human hematopoietic cells are required to induce sepsisinduced mortality following cecal ligation and puncture (CLP) in the severely immunodeficient nonobese diabetic (NOD)/SCID/IL2Rγ −/− mice, and siRNA treatment to inhibit HMGB1 release by human macrophages and dendritic cells dramatically reduces sepsis-induced mortality. Following CLP, compared with immunocompetent WT mice, NOD/SCID/IL2Rγ −/− mice did not show high levels of serum HMGB1 or murine proinflammatory cytokines and were relatively resistant to sepsis-induced mortality. In contrast, NOD/SCID/IL2Rγ −/− mice transplanted with human hematopoietic stem cells [humanized bone marrow liver thymic mice (BLT) mice] showed high serum levels of HMGB1, as well as multiple human but not murine proinflammatory cytokines, and died uniformly, suggesting human cytokines are sufficient to induce organ failure in this model. Moreover, targeted delivery of HMGB1 siRNA to human macrophages and dendritic cells using a short acetylcholine receptor (AchR)-binding peptide [rabies virus glycoprotein (RVG)-9R] effectively suppressed secretion of HMGB1, reduced the human cytokine storm, human lymphocyte apoptosis, and rescued humanized mice from CLP-induced mortality. siRNA treatment was also effective when started after the appearance of sepsis symptoms. These results show that CLP in humanized mice provides a model to study human sepsis, HMGB1 siRNA might provide a treatment strategy for human sepsis, and RVG-9R provides a tool to deliver siRNA to human macrophages and dendritic cells that could potentially be used to suppress a variety of human inflammatory diseases.
Hypersecretion of cytokines by innate immune cells is thought to initiate multiple organ failure in murine models of sepsis. Whether human cytokine storm also plays a similar role is not clear. Here, we show that human hematopoietic cells are required to induce sepsisinduced mortality following cecal ligation and puncture (CLP) in the severely immunodeficient nonobese diabetic (NOD)/SCID/IL2Rγ −/− mice, and siRNA treatment to inhibit HMGB1 release by human macrophages and dendritic cells dramatically reduces sepsis-induced mortality. Following CLP, compared with immunocompetent WT mice, NOD/SCID/IL2Rγ −/− mice did not show high levels of serum HMGB1 or murine proinflammatory cytokines and were relatively resistant to sepsis-induced mortality. In contrast, NOD/SCID/IL2Rγ −/− mice transplanted with human hematopoietic stem cells [humanized bone marrow liver thymic mice (BLT) mice] showed high serum levels of HMGB1, as well as multiple human but not murine proinflammatory cytokines, and died uniformly, suggesting human cytokines are sufficient to induce organ failure in this model. Moreover, targeted delivery of HMGB1 siRNA to human macrophages and dendritic cells using a short acetylcholine receptor (AchR)-binding peptide [rabies virus glycoprotein (RVG)-9R] effectively suppressed secretion of HMGB1, reduced the human cytokine storm, human lymphocyte apoptosis, and rescued humanized mice from CLP-induced mortality. siRNA treatment was also effective when started after the appearance of sepsis symptoms. These results show that CLP in humanized mice provides a model to study human sepsis, HMGB1 siRNA might provide a treatment strategy for human sepsis, and RVG-9R provides a tool to deliver siRNA to human macrophages and dendritic cells that could potentially be used to suppress a variety of human inflammatory diseases. S epsis is an important cause of mortality in intensive-care units, with more than 750,000 individuals developing severe sepsis in North America annually and a mortality rate varying between 35 and 50% (1, 2) . The pathogenesis of sepsis includes countless disturbances of the host immune system starting with a harmful, infection-triggered exaggerated inflammatory cascade that results in tissue injury and rapidly leads to massive apoptosis of immune cells (2, 3) . This is followed by a secondary immune paralysis phase accompanied by uncontrolled growth of bacteria and tissue damage. Although therapy to suppress the immediate cytokine response, such as treatment with TNF and IL-1β antibodies, have failed in clinical trials (4) (5) (6) , it has now come to be recognized that, at least in animal models, high-mobility group protein 1 (HMGB1), which is secreted from macrophages and dendritic cells (DCs) but not lymphocytes late in the disease, acts as a master regulator of late and sustained cytokine storm, upregulating many cytokines including TNF-α, IL-6, IL-1β, and IL-8 (reviewed in refs. [7] [8] [9] [10] [11] . In fact, injection of mice with HMGB1 is enough to induce the lethal organ damage seen in sepsis (12) , whereas treatment with neutralizing HMGB1 antibody can rescue mice and rats from experimental sepsis (13, 14) . However, although HMGB1 is also secreted in human sepsis (12) , its role in sepsis pathogenesis or the impact of its neutralization on human cells remain unclear.
RNA interference can be used to silence virtually any gene, including multiple genes, as long as a way can be found to introduce small interfering (si)RNAs into relevant cell types in vivo without toxicity. Several advances have been made in developing methods to deliver siRNA in vivo to different cell types, most successfully to the liver cells (reviewed in refs. [15] [16] [17] . A lipid-like nanoparticle called C12-200, which had been developed for liverspecific delivery of siRNA, was recently also shown to deliver siRNA to murine monocytes, and silencing C-C chemokine receptor type 2 (CCR2) in monocytes using this reagent was effective in reducing atherosclerosis, islet transplantation and tumors (18) . Whether this reagent also targets human DCs and monocytes/macrophages is unclear. We have reported previously that a short 29-aa peptide derived from the rabies virus glycoprotein (RVG), fused to 9R residues (RVG-9R), can deliver siRNA to murine macrophages and brain cells by specific binding to its ligand acetylcholine receptor (AchR) (19, 20) . Because AchR is also expressed on human macrophages and DCs (21) and also because the acetylcholine-binding site on the α7 subunit is highly conserved, we reasoned that RVG-9R might also be used to target human macrophages and DCs. In this study, we validate this hypothesis in vitro, as well as in vivo, using human hematopoietic stem cell-engrafted nonobese diabetic NOD/SCID/ IL2Rγ −/− mice that lack mouse innate and adaptive immune systems (22) . More importantly, we also show that silencing human HMGB1 using this delivery reagent in this mouse model substantially reduces human lymphocyte apoptosis and cytokine storm and protects mice from sepsis-induced mortality.
Results
Human Cytokines Are Necessary to Induce Sepsis Following CLP in Humanized Mice. NOD/SCID/IL2Rγ −/− mice lack a functional immune system and are also defective in multiple cytokine signaling (22) . However, whether the residual defective monocytes/ macrophages secrete murine cytokines that could cause tissue injury during sepsis is not known. If they are incapable of secreting murine cytokines, then the only source of cytokines in NOD/SCID/IL2Rγ −/− mice transplanted with human hematopoietic stem cells (HSCs) would be human cells and this would allow us to test the impact of human cytokines in sepsis. Therefore, we compared immunocompetent WT BALB/c mice, immunodeficient NOD/SCID/IL2Rγ −/− mice, and NOD/SCID/ IL2Rγ −/− mice transplanted with human HSCs [humanized bone marrow liver thymic mice (BLT) mice] for sepsis induction following CLP. Twenty hours after CLP, blood was tested for the key late inflammatory mediator HMGB1, as well as other downstream mouse and human proinflammatory cytokines, and the mice were followed for survival. Whereas high levels of HMGB1 (Fig. 1A ) and murine cytokines (Fig. 1B) could be detected in the sera of WT mice, NOD/SCID/IL2Rγ −/− mice showed minimal levels of these cytokines. In contrast, humanized BLT mice showed elevated levels of human HMGB1 and multiple human, but not murine cytokines ( Fig. 1 A-C) . Correspondingly, both WT and humanized mice died quickly, with all mice dying within 3 d after CLP, whereas ∼70% of NOD/SCID/ IL2Rγ −/− mice survived symptom-free for up to a 12-d period of observation, and in the few mice that died, the death was delayed by 2-4 d (Fig. 1D) . Histological examination of liver and lungs showed evidence of disseminated intravascular coagulation with marked congestion and fibrin thrombi in the blood vessels, focal vacuolar changes, chromatin disruption, and spotty apoptosis following CLP in BALB/c and humanized BLT mice but not in NOD/SCID/IL2Rγ −/− mice (Fig. 1E) . We also performed TUNEL staining of liver sections to detect apoptotic cells. Whereas high levels of TUNEL + cells were detected in humanized mice, TUNEL + cells were substantially reduced in NOD/SCID/IL2Rγ −/− mice (Fig. 1F ). Taken together, these results suggest that NOD/ SCID/IL2Rγ −/− mice are resistant to CLP-induced sepsis and that human cytokines are required to induce organ damage and mortality in humanized mice. These results are also consistent with an earlier report that showed that elevated levels of human cytokines are seen in humanized mice after CLP (23) .
It was surprising that immunodeficient mice, compared with WT and humanized mice, were resistant to CLP-induced sepsis. Thus, we investigated the mechanism by which NOD/SCID/IL2Rγ −/− mice resist CLP-induced mortality. First, we compared the blood bacterial load in WT, NOD/SCID/IL2Rγ −/− , and humanized mice. Although all three groups of mice had equivalent bacterial titres 1 d after CLP, in NOD/SCID/IL2Rγ −/− mice, bacterial load steadily declined and was undetectable between days 7-9 ( Fig.  1G ). WT and humanized mice could not be serially followed because they all died by day 3. Although NOD/SCID/IL2Rγ −/− mice lack immune cells, they have intact neutrophils, and, thus, we tested whether neutrophil depletion would render them susceptible to sepsis. We depleted neutrophils (Fig. 1H ) by treatment with Ly6G-specific mAb, clone 1A8 [which is known to specifically deplete neutrophils but not monocytes/macrophages (24) ] and then induced CLP. Indeed, in neutrophil-depleted mice, bacterial count did not decrease by day 3, and most of the mice died between days 3-4, probably because of overwhelming bacterial burden (Fig. 1I) . Collectively, these results suggest that neutrophils can effectively control sepsis-induced bacteremia in the immunodeficient NOD/SCID/IL2Rγ −/− mice that lack macrophages and DCs. Therefore, the acute death observed in WT and humanized mice is most likely attributable to the cytokine storm induced by innate immune cells, such as macrophages and DCs. These results imply that if the aberrant cytokine response can be neutralized, sepsis-induced mortality can be effectively reduced.
RVG-9R Delivers siRNA to Primary Human Macrophages and Dendritic
Cells in Vitro and in Vivo. HMGB1 secreted from macrophages and DCs after induction of sepsis in animal models acts as a master regulator of late and sustained cytokine storm, up-regulating many cytokines, including TNFα, IL-6, IL-1β, and IL-8 (reviewed in refs. 10, 11). However, although HMGB1 is also secreted in human sepsis (12) , its role in sepsis pathogenesis or the impact of its neutralization on human cells remains unclear. Thus, to clarify the role of HMGB1 in human sepsis, we attempted to silence HMGB1 in human macrophages and DCs in vivo. For this, first we needed to develop a reagent that enables siRNA delivery to human macrophages and DCs in vivo.
We reported previously that a short 29-aa peptide derived from the RVG, fused to 9R residues (RVG-9R), can deliver siRNA to murine macrophages and neuronal cells by specific binding to its ligand, AchR (19, 20) . Because AchR is also expressed in human macrophages and DCs (21), we first tested whether RVG-9R can deliver siRNA to human macrophages and DCs. Freshly isolated peripheral blood mononuclear cells (PBMCs) were incubated with a FITC-labeled siRNA complexed with RVG-9R, and after 4 h, the cells were stained with AchR antibody and lineagespecific markers. Human CD14 + monocyte/macrophages and CD11c + DCs, but not T cells or B cells, expressed AchR, and, correspondingly, FITC siRNA uptake was seen only in these cell types ( Fig. 2A ). Next, we tested whether RVG-9R can also deliver siRNA to cultured human monocyte-derived macrophages (MDMs) and monocyte-derived DCs (MDDCs). Human PBMCs were cultured with macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 for 6 d, followed by treatment with FITC siRNA complexed with RVG-9R or a control peptide derived from the rabies virus matrix protein (RV-MAT-9R). Both MDMs and MDDCs, but not phytohaemagglutinin (PHA)-activated T-cell blasts, were amenable for transduction with siRNA selectively by RVG-9R but not the control peptide RV-MAT-9R (Fig. 2B ). Next, we tested gene silencing using siRNA to cyclophilin B (siCyPB). RVG-9R-mediated siCyPB delivery resulted in specific gene silencing, as revealed by quantitative (q)RT-PCR in both MDMs and MDDCs (Fig. 2C) . We also tested whether macrophages and DCs generated by transplantation of human HSCs in NOD/SCID/IL2Rγ −/− mice also retain AchR expression, and can be transduced by RVG-9R. Both macrophages and DCs from ex vivo-isolated spleen cells could be transduced by treatment with siRNA/RVG-9R (Fig. 2D ). Collectively, these results suggest that RVG-9R delivers siRNA to primary, as well as to cultured, human macrophages and DCs in vitro.
To test whether RVG-9R can be used for in vivo delivery of siRNA to human macrophages and DCs, we injected humanized mice with siRNA specific for human TNF-α or a control luciferase (Luci), complexed with RVG-9R, i.v. 18 and 6 h before injection of (5 mg/kg) of lipopolysaccharide (LPS) intraperitoneally. One hour after LPS treatment, PBMCs were tested for TNF-α mRNA levels by qRT-PCR, and sera were tested for human TNF-α protein levels by ELISA. Both TNF-α mRNA and protein levels were significantly reduced in mice treated with RVG-9R/siTNF compared with those treated with RVG-9R/ siLuci or siTNF/RV-MAT-9R (Fig. 2E) . These results confirmed that RVG-9R could deliver siRNA to human macrophages and DCs in vivo.
RVG-9R-Mediated HMGB1 siRNA Delivery Ameliorates Sepsis in Humanized Mice. As mentioned above, although HMGB1 levels are raised in human sepsis (12) , whether it is directly involved in the pathogenesis of human sepsis remains unclear. Therefore, having established that RVG-9R can deliver siRNA to human macrophages and DCs, we wished to test the effect of silencing HMGB1 in the CLP model of sepsis in humanized mice. Before this, we first tested if human macrophages and/or DCs secrete HMGB1. Cultured macrophages and DCs stimulated with LPS, but not T cells, secreted HMGB1 in equivalent amounts peaking at 12 h after activation and slowly declining over 36 h (Fig. S1 ). We also confirmed that HMGB1 could be suppressed by siRNA treatment effective as early as 12 h (Fig. S1 ). Next, we tested whether siRNA treatment would suppress CLP in humanized mice. Because variability in human immune cell reconstitution can affect results, we selected humanized mice that had similar levels of different human immune cell types for these experiments (Fig.  S2) . Moreover, we included a large number of animals in control and siRNA treatment group (14 mice per group) for survival analysis to rule out differences in reconstitution as a possible reason for our observation. Because the needle size/puncture site and numbers can influence the outcome of CLP, these parameters were kept identical between the different groups of mice (see SI Materials and Methods for details). Mice were injected i.v. with siRNAs specific to human HMGB1 or control Luci, complexed with RVG-9R, 15 h before CLP, with sham CLP animals serving as controls. The siRNA treatment was repeated 2 and 24 h after surgery, and mice were followed up for CLP-induced bacteremia, increase in human HMGB1 levels, human lymphocyte apoptosis, serum human cytokine levels, and illness. Compared with sham CLP control animals, serum HMGB1 levels in CLP animals treated with Luci siRNA were greatly elevated 20 h after surgery. In striking contrast, in HMGB1 siRNA-treated CLP animals, serum HMGB1 levels were dramatically reduced (Fig. 3A) . Although the blood bacterial load was similar in the control Luci siRNA and HMGB1 siRNA-treated mice on day 1, the bacterial load steadily declined over time and was undetectable by day 9 in the HMGB1 siRNA-treated mice (Fig. 3B) . Moreover, HMGB1 levels within human CD14 + cells in the spleen were also reduced, as revealed by flow-cytometric analysis (Fig. 3C) . Concomitant with reduction of HMGB1, the mRNA levels of other cytokines such as TNF-α and IL-1β determined by qRT-PCR were also reduced in CD14 + macrophages isolated from HMGB1siRNA-treated mice compared with siLuc-treated mice (Fig. 3D) . Apoptosis of human lymphocytes was tested by activated caspase-3 staining of PBMCs gated for human CD45 expression 20 h after surgery. As shown in Fig. 3E , a significant number of human lymphocytes were active caspase-3 + in Luci siRNA treated animals, whereas this was significantly reduced in HMGB1 siRNAtreated animals. Moreover, the reduced levels of caspase-3 + cells seen on day 1 became undetectable in HMGB1 siRNA-treated mice 8 d after surgery (Fig. S3) . Because RVG-9R delivers siRNA to macrophages and DCs, but not T cells or B cells (Fig.  2) , we interpret these results to mean that silencing HMGB1 in macrophages and DCs and resultant reduced serum levels of HMGB1 led to protection against lymphocyte apoptosis. We also tested for human cytokine levels in the serum 20 h after surgery by BD cytometric bead array. Again, as shown in Fig. 3F , the cytokine levels, including those of human TNFα, IL1β, IL-8, IL-10, IL12p70, and IL-6, were all highly elevated in control siRNAtreated mice but greatly reduced in HMGB1 siRNA-treated mice. We also confirmed that mouse cytokines were not up-regulated in either group of mice (Fig. 3G ). Finally, we tested the survival of siRNA treated mice. Mice treated with the control Luci siRNA after CLP all died by day 3 after surgery. In contrast, 60% of HMGB1 siRNA-treated mice were completely protected and lived symptom-free for at least an 8-d period of observation (Fig. 3H) . Upon TUNEL staining of liver sections, whereas high numbers of TUNEL + cells were seen in control siRNA-treated mice, apoptotic cells were greatly reduced in the livers of siRNAtreated mice (Fig. S4) . We also confirmed that RVG-9R/HMGB1 siRNA treatment does not induce IFN or IFN-stimulated genes in human PBMCs (Fig. S5) . Taken together, our results show that silencing HMGB1 in human macrophages and DCs effectively reduces serum HMGB1 levels, leading to diminished cytokine production, reduced lymphocyte apoptosis, and improved survival of humanized mice after CLP.
Silencing HMGB1 After the Development of Symptoms Can Reverse
Sepsis in Humanized Mice. To be therapeutically useful, siRNA treatment must be effective when administered after the onset of symptoms. Thus, we tested whether siRNA treatment is also effective when begun after the development of CLP-induced sepsis symptoms. CLP in humanized mice causes a hyperacute illness, and 10 h after CLP, 2 of 16 mice had already died from the disease, and all mice showed signs and symptoms of sepsis (e.g., ruffling of hair, hunchback, and lethargy). Thus, we began siRNA/RVG-9R treatment beginning 10 h after CLP and repeated the siRNA treatment after another 24 and 48 h. Compared with control siRNA treatment where all animals died between 16-36 h after CLP, treatment with HMGB1 siRNA was able to rescue ∼30% mice from lethality and delay the onset of death in others by 1-2 d (Fig. 4A) . Correspondingly, serum HMGB1 levels rapidly reduced following siRNA treatment (Fig.  4B) . Human lymphocyte apoptosis was also reversed, accompanied by reduced serum cytokine levels (Fig. 4 C and D) . Thus, HMGB1 siRNA treatment can reverse the disease severity even when administered after the onset of symptoms.
Discussion
Here, we showed that HMGB1 plays a critical role in inducing sepsis in humanized mice, most likely by inducing a human cytokine storm that is not seen in nonhumanized counterparts. We also showed that RVG-9R provides a reagent to deliver siRNA to human macrophages and DCs, and RVG-9R-mediated HMGB1 siRNA treatment effectively rescued mice from sepsisinduced mortality. It is, thus, likely that neutralizing HMGB1 has potential to be therapeutically beneficial in human sepsis.
Recently, several reagents have been developed to deliver siRNA to murine macrophages. D-glucan-encapsulated siRNA particles were reported as efficient oral-delivery vehicles that silenced genes in mouse macrophages in vitro and in vivo (25) . An ionizable cationic lipid called DLinKC2DMA, which was originally shown to deliver siRNA to liver cells (26) , was also reported to deliver siRNA to mouse macrophages and DCs (27) . Similarly, a lipidoid nanoparticle called C12-200, also developed originally for liver-specific siRNA delivery (28) , was recently shown to target monocytes, and silencing CCR2 with this reagent was shown to reduce a number of inflammatory conditions in mice (18) . siRNAs synthetically linked to C-phosphate-G (CpG) oligonucleotide has also been used to deliver siRNA to toll-like receptor (TLR)-9
+ murine macrophages and B cells (29) .
However, the utility of any of these reagents to specifically silence genes in human macrophages and DCs in vitro or in vivo remains to be determined. On the other hand, our study addresses siRNA delivery to human macrophages and DCs in vivo. Also, compared with the complexity of generating the previously mentioned reagents, RVG-9R provides a simple peptide that can be readily synthesized and siRNA binding is achieved by simple mixing of siRNA with the peptide. Moreover, RVG-9R is nontoxic and nonimmunogenic, and peptide binding protects siRNA against serum nuclease cleavage (19), thus enabling the use of regular (not stabilized) siRNA that would make siRNA therapy relatively inexpensive. Antibodies to suppress inflammatory mediators such as TNF-α and IL-1β have failed in clinical trails for sepsis (4) (5) (6) . However, from studies in animal models of sepsis, it has now become clear that HMGB1 secreted from macrophages and DCs acts as a key cytokine to stimulate a sustained inflammation and organ damage (10, 11) . Serum HMGB1 is also elevated in human sepsis (12) , although its role in sepsis pathogenesis remained unclear. Our results suggest that HMGB1 may also play a major role in human sepsis, in that silencing HMGB1 was enough to suppress both the cytokine storm and lymphocyte apoptosis, resulting in reduced mortality in the humanized mice. However, it must be noted that although human hematopoietic system is reconstituted in humanized mice, the other key organs, particularly endothelial cells, are of mouse origin, and, thus, this model does not exactly represent human sepsis. Even so, our results at least indicate that humanized mice provide a model closest to human sepsis, RVG-9R can deliver siRNA to human cells in vivo, and silencing HMGB1 might be useful to reduce sepsis. Although our results strongly suggest that silencing HMGB1, by suppressing the secreted HMGB1 and the concomitant human cytokine storm, reduces CLP-induced mortality, it remains possible that silencing HMGB1 might also suppress some unknown events in the initiation of sepsis, and reduction in cytokines may be just an associated event. Another possibility is that silencing HMGB1 may kill or render macrophages and DCs functionally anergic, thereby Fig. 3 , was started 10 h later, and mice were followed for survival. (B-D) Twenty-four hours after CLP, mice were tested for serum HMGB1 levels (B), active caspase-3 positivity in PBMCs (C), and serum human cytokine levels (D), as described in the legend of Fig. 3 (n = 7 mice per group).
reducing the cytokine storm. However, macrophages and DCs remained viable after HMGB1 silencing in vivo (Fig. 3C and Figs . S1 and S3), making this possibility unlikely.
It has been reported that cholinergic agonists can suppress HMGB1 release. Administration of nicotine was enough to suppress endotoxemia in mice, presumably by inhibition of NF-κB pathway via signaling through AchR (30) . However, mere RVG binding to AchR appears not to be sufficient for suppression of HMGB1 in our experiments because the control Luci siRNA was also complexed to RVG-9R and yet failed to suppress HMGB1 or reduce mortality (Fig. 3) . However, to definitively rule out RVG binding to AchR as a plausible reason for the protection observed in the siRNA-treated animals, we directly compared treatment with RVG peptide alone versus RVG-9R/siRNA. RVG treatment by itself did not show any protection in contrast to RVG-9R siRNA treatment (Fig. S6) . These results also rule out the possibility that RVG binding to neuronal cells could activate nonspecific vagal cholinergic anti-inflammatory reflex, accounting for our results. Moreover, we also confirmed the physical presence of HMGB1 siRNA in splenic macrophages from siRNA-treated mice by RT-PCR (Fig. S7) . Thus, RVG-9R-mediated siRNA delivery to macrophages and DCs appears to be needed to efficiently silence HMGB1 levels and to reduce mortality in this model. Collectively, our results show that sepsis in the humanized mice is dependent on HMGB1 and, likely, its ability to induce human cytokine storm, because silencing HMGB1 effectively rescued mice from mortality. Our results also suggest that RVG-9R may provide a clinically viable tool for gene silencing in human macrophages and DCs that could be useful in the treatment of sepsis and other inflammatory conditions.
Materials and Methods
Details of peptides, siRNAs, flow cytometry, neutrophil depletion, and qPCR are provided in SI Materials and Methods. Humanized BLT mice were generated as described previously (31) . CLP was performed as described in ref. 32 . For all siRNA delivery experiments in vivo, peptide (RVG-9R or RVGMAT-9R)/ siRNA complexes were prepared in 200 μL of 5% (wt/vol) glucose, incubated at RT for 10 min, and then injected i.v. at 50 μg of siRNA per mouse per injection.
Supporting Information
Ye et al. 10 .1073/pnas.1216195109 SI Materials and Methods Peptides and siRNA. RVG-9dR (YTIWMPENPRPGTPCDIFT-NSRGKRASNGGGGRRRRRRRRR) and RV-MAT-9dR (MNLLRKIVKNRRDEDTQKSSPASAPLDGGGGRRRRRR-RRR) peptides were synthesized and purified by high performance liquid chromatography (HPLC) at the Tufts University Core Facility (Boston, MA). In RVG-9dR and RV-MAT-9dR peptides, the carboxyl-terminal 9-arginine residues were D-arginine. siRNAs targeting firefly Luci (siLuc; 5′-CUUACGCUGAGUACUUCGAdTdT-3′), human CyPB (siCyPB; 5′-TGTCTTGGTGCTCTCC A CCdTdT-3′), human TNF-α (siTNF; 5′-5′-GGCGUGGAGCUGAGAGAUAdTdT-3′), mouse TNF-α (siTNF; 5′-GACAACCAACUAGUGGUGCdTdT-3′), and human siHMGB1 smart pool siRNAs were all purchased from Dharmacon. For some experiments, FITC-labeled Luci siRNA (at the 3′ end of the sense strand) was used.
Generation of MDDCs, MDMs, and PHA-Induced T-Cell Blasts. Human PBMCs were isolated from blood obtained from healthy donors by centrifugation over a Ficoll-Paque Plus (GE Healthcare) density gradient according to standard protocols. Monocytes were selected from PBMCs by immunomagnetic separation using human monocyte-enrichment kit (Stemcell Technologies). For generation of MDDCs, monocytes were seeded at 5 × 10 5 cells per well in 24-well plates in RPMI medium 1640 (Gibco BRL) supplemented with 10% heat-inactivated FBS, 50 U/mL penicillin, 50 μg/mL streptomycin, 2 mM L-glutamine, and human recombinant cytokines GM-CSF (1,000 U/mL; R&D Systems) and IL-4 (500 U/mL; R&D Systems) for 6 d at 37°C in a CO 2 incubator. For generation of MDMs, human PBMCs (5 ×10 6 cells per well) were seeded in 24-well plates at 37°C for 16 h, nonadherent cells were removed by repeated gentle washing with warm medium, and the adherent population was allowed to differentiate for an additional 5 d in the presence of recombinant human M-CSF (50 ng/mL; R&D Systems). For generation of PHA-induced T-cell blasts, human PBMCs (5 × 10 5 cell per well) were seeded in 24-well plates, and cells were cultured with 5 μg/mL PHA at 37°C for 2 d.
siRNA Transduction and Gene Silencing in Vitro. RVG-9dR/siRNA complexes, prepared by incubating 200 pmol of the indicated siRNA with RVG-9dR peptide at a 10:1 peptide:siRNA ratio in serum-free medium for 15 min, were added to the cells. After incubation for 4 h at 37°C, the cells were for tested for FITC siLuci uptake by flow cytometry. For the cyclophilin B silencing, after incubation for 4 h, the medium was replaced with fresh medium supplemented with 10% FBS (Invitrogen), and the cells were cultured for an additional 24 h before being examined by qRT-PCR. Transfection with Lipofectamine 2000 (Invitrogen) was performed in accordance with the manufacturer's instructions.
Generation of Humanized BLT Mice. Immunodeficient NOD.cgPrkdcscidIL2rgtm/Wjl/Szj (NOD/SCID/IL2Rγ −/− ) mice at 6-10 wk of age were purchased from The Jackson Laboratory and housed in specific pathogen-free microisolator cages. Humanized BLT mice preparation was performed as described previously (1). In brief, human fetal thymus and liver tissues of gestational age of 17-20 wk were obtained from Advanced Bioscience Resources. Mice were conditioned with sublethal (1-2 Gy) whole-body irradiation. Human fetal thymus and liver fragments measuring about 1 mm 3 were then implanted under the recipient kidney capsule. After implantation, mice received CD34
+ fetal liver cells (1-5 ×10 5 /mouse, intravenously) purified from the same donor on the day of human thymus/liver implantation. CD34 + fetal liver cells were isolated by the magneticactivated cell sorter separation system usingCD34 + positive-selection kit (Stemcell Technologies). Transplanted mice were tested for engraftment 12 wk later by flow cytometric analysis as described below. Protocols involving the use of human tissues and animals were approved by the Institutional Review Board and Institutional Animal Care and Use Committee (IACUC) at Texas Tech University. Blood was drawn from volunteers after obtaining an informed consent.
CLP Procedure. CLP was performed essentially as described in ref. 2 . Briefly, mice were anesthetized with 3% isoflurane using a vaporizer (E-Z ANESTHESIA; Euthanex), and a 1-cm midline incision was made in the skin. After gently separating the skin, an incision was made on the linea alba to expose the cecum with adjoining intestine. The cecum was exteriorized and tightly ligated with a silk suture at 50% of its length and punctured through-and-through once with a 26-gauge needle midway between the ligation and the tip. The cecum was then gently squeezed to extrude a small amount of feces from the perforation sites and returned to the peritoneal cavity. The abdomen was closed in two layers (suture for muscle and clip for skin), and the animals were resuscitated by injecting 1 mL of prewarmed 0.9% saline s.c. Buprenorphine was used for postoperative analgesia, but no antibiotics were used. For control sham CLP, abdomen was opened and closed without ligation or puncture of cecum.
siRNA Delivery in Vivo. For all siRNA delivery experiments in vivo, peptide (RVG-9R or RVGMAT-9R)/siRNA complexes (at a peptide-to-siRNA molar ratio of 10:1) were prepared in 200 μL of 5% glucose, incubated at room temperature for 10 min, and then injected i.v. at 50 μg of siRNA per mouse per injection.
Fixation/Permeabilization Kit (BD Bioscience) according to the manufacturer's protocol. The following antibodies were also used: FITC-conjugated rabbit anti-active caspase-3 (BD Pharmingen) and PE-conjugated Milli-Mark anti-HMGB1 (Millipore). Data were acquired by BD FACS Canto II and analyzed on BD FACS Diva software.
Silencing LPS-Induced TNFα Production in Humanized Mice. BLT mice that were generated as described above were divided into three treatment groups: siLuc/RVG-9dR; siTNF-α/RVG-9dR; and siTNF-α/RVMAT-9dR. Each group had equal human CD45 + , CD14 + cell percentages. Mice were injected i.v. with TNF siRNA/ RVG-9dR complex 18 and 6 h before LPS injection i.p. One hour after LPS injection, total RNA isolated from PBMCs was tested for TNF-α mRNA levels by qRT-PCR, and serum was tested for human TNF-α protein levels by ELISA (Biolegend).
Silencing HMGB1. HMGB1 siRNA /RVG-9R complex was injected 15 h before CLP and was repeated 2 and 24 h after surgery. Twenty hours after CLP, blood was collected for testing the HMGB1 level by ELISA (Chondrex) and murine and human inflammatory cytokine levels by cytometric bead array (CBA) in accordance with the manufacturer's protocol. PBMCs were stained with CD45-PE, CD3-allophycocyanin (APC), and active caspase-3-FITC. The HMGB1 level in human CD45 + , CD14 + double-positive splenocytes were tested at 20 h after CLP surgery by flow cytometry. Mice were monitored until 8 d for survival.
Post-CLP Treatment with HMGB1 siRNA/RVG-9R. CLP was induced in BLT mice, and siRNA treatment was started 10 h after CLP, when the mice showed clinical signs of sepsis, such as ruffling of hair, lethargy, and hunching. Serum HMGB1 and cytokines were tested as described above. Mice were monitored for 12 d for survival.
Detection of the Physical Presence of siRNA Within the Cells. Human CD14 + and CD3 + cells from the septic humanized mice spleen were isolated using magnetic beads (Stemcell Technologies), and total RNA, including small RNAs, was extracted with the miRNeasy Minikit (Qiagen). The RNAs were poly(A)-tailed by NCode microRNA (miRNA) first-strand cDNA synthesis and qRT-PCR kit (Invitrogen) and subjected to RT-PCR as described above. The primers used were: for siHMGB1 (5′-AGTTTGTA-AATGTAAGTGG-3′) and for U6 (5′-ATGACACGCAAATT-CGTGAAGC-3′).
Bacteria Count. Ten-fold dilutions of mouse blood collected at different times after induction of sepsis were plated (20 μL per plate) onto an antibiotic-free LB plate, cultured overnight, and counted for bacterial colonies.
Depletion of Neutrophils. Neutrophils were depleted by a single i.p. injection of 1.0 mg of anti-Ly6G mAb, clone 1A8 (Bio X Cell) 3 d before CLP surgery. Neutrophil depletion was confirmed by staining the cells for antigranulocyte receptor-1 (Gr-1) and Ly6G antibodies. . HMGB1 is secreted by human macrophages and DCs, and siRNA silences HMGB1. In vitro-cultured human macrophages and DCs were either untreated or treated with HMGB1 siRNA 24-h before stimulation with LPS, and at the indicated times after stimulation, the culture supernatants were tested for secreted HMGB1 by ELISA. T cells were stimulated with PHA (n = 3 wells per group). Fig. 3 were tested for the active caspase-3 positivity in human CD45 + cells by flow cytometry. Representative flow-cytometric data (Left) and cumulative data from three mice (Right) are shown. Fig. S4 . CLP-induced apoptosis is reduced after treatment with RVG-9R/HMGB1 siRNA. Representative TUNEL-stained liver sections obtained from control and HMGB1 siRNA-treated mice (in Fig. 3 ) are shown. . RVG peptide alone does not protect from CLP-induced mortality. Humanized mice were treated with RVG peptide alone, control Luci siRNA, or HMGB1 siRNA complexed with RVG-9R before and after CLP as described in SI Materials and Methods (Silencing HMGB1) and followed for survival over time. 
